We study bend loss in chalcogenide negative curvature fibers with different polarizations, different tube wall thicknesses, and different bend directions relative to the mode polarization. The coupling between the core mode and tube modes induces bend loss peaks in the two non-degenerate modes at the same bend radius. There is as much as a factor of 28 difference between the losses of the two polarization modes. The fiber with a larger tube wall thickness, corresponding to a smaller inner tube diameter, can sustain a smaller bend radius. The bend loss is sensitive to the bend direction when coupling occurs between the core mode and tube modes. A bend loss of 0.2 dB/m at a bend radius of 16 cm, corresponding to 0.2 dB/turn, can be achieved in a chalcogenide negative curvature fiber. 
that is created by using supercontinuum generation in As 2 S 3 chalcogenide fibers with a pump at 2 µm," Opt. 
Introduction
Hollow-core photonic crystal fibers have the potential to provide low-loss transmission, along with delivery of high-power light with low nonlinearity. A photonic bandgap structure uses a periodic array of air holes in the cladding to confine light in the core [1] [2] [3] [4] [5] . In recent years, hollow-core negative curvature fibers using the antiresonance guiding mechanism have drawn much attention due to their attractive fiber properties that include a low transmission loss, a simple structure, and a wide transmission bandwidth [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Negative curvature implies that the surface normal to the core boundary is oppositely directed from the core. Since no bandgap is used, there is no requirement for a periodic cladding structure. The use of chalcogenide fibers in fiber devices that require a periodic structure has been hampered by fabrication difficulties [18] [19] [20] [21] . The relative simplicity of the negative curvature structure could enable the fabrication of fiber devices for mid-IR applications using non-silica glasses, such as chalcogenide. Using chalcogenide negative curvature fibers, the delivery of mid-infrared radiation has been successfully demonstrated for a CO 2 laser at a wavelength of 10.6 µm [18]. Mid-infrared light sources and transmission are important for applications to biosensing, environmental monitoring, homeland security, and medical diagnostics [22, 23] . The development of quantum cascade lasers has shown great potential for the generation of mid-infrared emission around 5 µm with a wall plug efficiency of 50% [24-26] and a watt-level power output [27] . While transmission of light in silica negative curvature fibers has been demonstrated at wavelengths up to 4 µm [9] , the material loss of chalcogenide glass is four orders of magnitude or more lower than silica glass at wavelengths at or above 5 µm [8, 28] . So, it is preferable to use chalcogenide glass at these wavelengths.
In negative curvature fibers, core sizes from 20 µm to 380 µm have been used [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Fibers with a large core size have a low leakage loss [29] . At the same time, fibers with a large core size have many higher-order modes [30] . Several structures have been suggested to suppress higher-order modes using the resonant coupling between the higher-order core modes and cladding modes [30] [31] [32] [33] [34] [35] [36] . Another important limiting factor in fiber devices is the bend loss. Bend effectively introduces structure distortion, especially for fibers with a large core cross section [37] [38] [39] [40] . It is preferable for a fiber to insensitive to bends when it is used for light delivery. Conversely, however, bend sensitivity can be useful for sensing. In bandgap fibers, since the cladding air holes are much smaller than the central air core, there is not much loss due to the mode coupling between the core modes and the cladding modes. The bend loss for a bandgap fiber is mainly due to distortion of the fiber structure. In negative curvature fibers, besides the structure's distortion, the mode coupling between the core mode and tube modes leads to an increase in the loss of the core modes. Bending-induced higher-order mode suppression has been obtained using the resonant coupling between the higher-order core modes and the tube modes in negative curvature fibers [41] . Structures that include nested cladding tubes or smaller cladding tubes have also been proposed to decrease the bend loss [36, 38] . To date, there is no detailed study on two polarization modes in bent negative curvature fibers [33, 36-40, 42, 43] .
In this paper, we study the bending-induced mode coupling for the non-degenerate core modes in chalcogenide negative curvature fibers. Fiber bends break the symmetry of the fiber geometry, and the fundamental core modes become non-degenerate modes in bent negative curvature fibers. It is thus necessary to take into account the mode polarization when calculating the loss in bent fibers. We find that the loss in the two polarization modes can differ by up to a factor of 28. The rest of the paper is organized as follows: In section 2, we show the fiber geometry. We also present the bend loss for both parallel-polarized and perpendicular-polarized modes with respect to the bend direction in the chalcogenide negative curvature fiber. In section 3, we study the avoided crossing during the resonant coupling between the core mode and the tube modes. Two non-degenerate core modes can be coupled to tube modes at the same bend radius. In section 4, we study the influence from the tube wall thickness on the resonant coupling. We find that a fiber with a larger tube wall thickness, corresponding to a smaller inner tube diameter, can sustain a smaller bend radius. In section 5, we study the bend loss when the relative angle between the bend direction and fiber orientation varies, since the bend direction is not always aligned with the fiber geometry in practice. The bend loss is sensitive to the bend direction when coupling occurs between the core mode and a tube mode. We summarize our results in section 6.
Geometry and bend loss
In this section, we introduce the geometric parameters of the negative curvature fiber. Figure 1 shows the full hollow-core negative curvature fiber geometry. The gray regions represent glass, and the white regions represent air. The inner tube diameter, d tube , the core diameter, D core , the tube wall thickness, t, and the minimum gap between the cladding tubes, g, are related by the expression:
The core diameter, D core , and the gap, g, are fixed at 150 µm and 10 µm, respectively. The wavelength is 5 µm in our simulation. Negative curvature fibers have been drawn using 6 or 8 cladding tubes [6, 8, 18-20, 35, 43] . We use 8 cladding tubes in this paper because negative curvature fibers with a smaller cladding tube diameter yield a lower bend loss [38] .
We calculate the fiber modes and their propagation constants using Comsol Multiphysics, a commercial full-vector mode solver based on the finite-element method. Anisotropic, perfectly matched layers (PMLs) are positioned outside the cladding in order to reduce the size of the simulation window [44]. We simulate As 2 S 3 chalcogenide glass with a refractive index whose We studied the bend loss using the above negative curvature fiber geometry. We assume that the bend is along the x-axis, and we take advantage of the reflection symmetry with respect to the y = 0 plane to only keep values for which y > 0 in the simulation [45] . A conformal transformation is used to replace the bent fiber with a straight fiber that has an equivalent index distribution: n (x, y) = n(x, y)·exp(x/R), where R is the bend radius [37, 46] . Figures 2(a) and 2(b) show the contour plot of the bend loss as a function of bend radius and tube wall thickness for the fundamental core modes that are polarized parallel and perpendicular to the bend direction, respectively. We observe that losses are consistently high for the tube wall thicknesses, t = 1.15 µm, 2.29 µm, and 3.44 µm, that satisfy the resonance condition, t = mλ /[2(n 2 1 − n 2 0 ) 1/2 ], where n 1 and n 0 are respectively the real parts of the refractive indices of the glass and air [47-49]. We observe three transmission bands, I, II, and III, which are separated by the above tube wall thicknesses in both Figs. 2(a) and 2(b). In the following sections, we will study the bend loss with different polarizations, different tube wall thicknesses, and different bend directions. Fig. 2 . Bend loss of the fundamental mode that is polarized (a) parallel and (b) perpendicular to the bend direction as a function of the tube wall thickness and the bend radius. The plus signs denote points at which the loss becomes high relative to the bend-free loss even though the thickness is antiresonant.
Modes in two polarizations
In this section, we will compare the bend loss in two fundamental modes whose polarization directions are parallel or perpendicular to the bend direction. The tube wall thickness is fixed at 1.8 µm. Figure 3(a) shows the real parts of the effective indices of the parallel-polarized and perpendicular-polarized core modes, as the blue dashed curve and red solid curve, respectively. We can see that there are two avoided crossings at bend radii of 5.7 cm and 9.4 cm, and the index difference between the two polarized core modes is very small. Figure 3(b) shows the bend losses for core modes at different bend radii. There are two high loss peaks in the bend loss curves for both the parallel-polarized and perpendicular-polarized modes, which are consistent with the two avoided crossings shown in Fig. 3(a) .
The mode structure at the two bend-loss peaks is different. Figure 4 shows both the parallelpolarized and perpendicular-polarized modes at bend radii of 5.7 cm and 9.4 cm, corresponding to the avoided crossings and the loss peaks in Fig. 3 . We only show the mode in the middle of the avoided crossing; the evolution of the mode during the avoided crossing has been described in negative curvature fibers with 8 cladding tubes [30] . The color indicates the electric field intensity, normalized to its maximum. The arrows indicate the direction of the transverse electric Fig. 3. (a) Real parts of the effective indices and (b) bend losses for both parallel-polarized and perpendicular-polarized modes in the negative curvature fiber with a tube wall thickness of 1.8 µm. The inset shows the avoided crossing close to a bend radius of 9.4 cm. The effective air index is defined as the index after conformal transformation at the peak of the core mode intensity. field and the lengths of the arrows are proportional to the amplitude of the transverse electric field. We can see that, at a bend radius of 9.4 cm, coupling occurs between the core mode and the tube mode, which is located along the bend direction, as indicated by Figs. 4(b) and 4(d) . The bend loss of the parallel-polarized mode is higher than the bend loss of the perpendicularpolarized mode as shown in Fig. 3(b) . The alignment of the core mode and the coupled tube mode is the same as the polarization direction for the parallel-polarized mode. Therefore, the coupling is stronger for the parallel-polarized mode and leads to a loss that is up to a factor of 6 higher than the loss of the perpendicular-polarized mode when the bend radius is 15 cm and is up to a factor of 28 higher when the bend radius is 10 cm. Since both parallel-polarized and perpendicular-polarized core modes are coupled to the same tube modes, avoided crossings and loss peaks occur at the same bend radius, as indicated by Fig. 3 . At a smaller bend radius of 5.7 cm, the index in the tube along the bend direction is higher than the core index. Index matching occurs between the core mode and the tube mode in the tube at 45 degree with respect to bend direction or x-axis [39], as indicated by Figs. 4(a) and 4(c) . In addition, since both the core modes in the two polarizations are coupled to the tube mode at 45 degree with respect to their polarization directions, those two non-degenerate modes have almost the same loss at the bend radius of 5.7 cm, as shown in Fig. 3(b) .
In Fig. 5 , we show the parallel-polarized modes at bend radii of 7.0 cm and 15.0 cm, corresponding to the two stars in Fig. 3(b) . The modes are well-confined in the core. Conversely, coupling between the core and tube mode at the bend radius of 9.4 cm is visible in Fig. 4(b) . Hence, the bend loss peaks in Fig. 3(b) are indeed induced by the mode coupling between the core and tube modes in the negative curvature fiber [30, 38] .
We also note that some of the mode effective indices are higher than the refractive index (n = 1.0), which is due to the fiber bend. Figure 3(a) shows the effective air indices for the parallelpolarized and perpendicular-polarized modes as blue open circles and red dots, respectively. The effective air index is defined as the index after conformal transformation at the peak of the core mode intensity. The peak of the core mode intensity is not at the center of the core in the bent fiber, as shown in Fig. 5 . Hence, the modes indicated by the blue dashed curve and the red solid curve in Fig. 3(a) have effective indices that are below the effective air index and are the fundamental core modes confined in the air core of the negative curvature fiber.
Different tube thicknesses
In Figs. 2(a) and 2(b) , we see that besides the high loss that occurs at resonant tube thicknesses, there are in addition bend radii that lead to high loss, which are denoted by plus signs. In this section, we study these bend loss peaks for a fiber with different tube thicknesses [37] . In order to analyze the source of these high loss ranges, Figs. 6(a) and 6(b) show the real parts of the effective indices and bend losses, respectively, for the parallel-polarized mode with fixed tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm. We present results for the parallel-polarized mode because it has a larger leakage loss than does the perpendicular-polarized mode. The real part of the effective index for the perpendicular-polarized mode is essentially the same as that for the parallel-polarized mode, and the bend loss exhibits peaks at the same bend radii as the parallel-polarized mode, although the loss peaks are lower. The avoided crossings are visible in Fig. 6(a) . The loss peaks in Fig. 6(b) correspond to the high loss ranges in Fig. 2(a) that are marked by the plus signs. Note that the peak of the bend loss for fibers with a larger tube wall thickness occurs at a smaller bend radius, as shown in Fig. 6(b) .
Mode coupling occurs when the effective indices of the core and tube modes match. In order to explain the results in Fig. 6 , we study both the core mode and the tube modes when the tube wall thickness increases. The effective indices of the core modes with the same core diameter are almost the same even with different tube wall thicknesses. To predict the effective index of the tube mode, we ran additional simulations to find the mode in an annular core fiber [30] , which contains just one ring of glass, as shown in Fig. 7 . We study annular core fibers in two cases. For the first case, we use tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm with a fixed inner tube diameter d in of 75 µm. For the second case, we use tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm with a fixed outer tube diameter d out of 76.4 µm. The tube parameters of an inner tube diameter d in of 75 µm and an outer tube diameter d out of 76.4 µm correspond to the tube parameters in a straight negative curvature fiber using a core diameter of 150 µm, a tube wall thickness of 0.7 µm, and a minimum gap between the cladding tubes of 10 µm. In a fiber with a fixed inner tube diameter of 75 µm, the effective index increases slightly when the tube wall thickness increases from 0.7 µm to 2.9 µm. In a fiber with a fixed outer tube diameter of 76.4 µm, the effective index decreases when the tube wall thickness increases from 0.7 µm to 2.9 µm. Hence, if one increases the tube wall thickness while the outer diameter of the tubes is fixed in a negative curvature fiber, the effective index of the tube mode decreases because the inner diameter of the tubes decreases. Bending effectively increases the effective index of certain tube modes. Hence, the avoided crossing and mode coupling occur at a smaller bend radius for the fiber with a larger tube wall thickness, corresponding to a smaller inner tube diameter, as shown in Figs. 6(a) and 6(b). This finding is consistent with research on negative curvature fibers in which more tubes are used [38] . The corresponding effective air indices in the fibers with tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm are shown in Fig. 6(a) by blue circles, red dots and green triangles, respectively.
From Fig. 2(a) , we can infer the minimum bend radius for a given loss. We then plot the minimum bend radius with respect to the tube wall thickness for given bend losses of 0.2 dB/m, 0.5 dB/m, and 1 dB/m for the parallel-polarized mode in Fig. 8 . We again observe three transmission bands. As expected, a smaller loss requires a larger bend radius. The minimum bend radius for any given bend loss decreases as the transmission-band order increases in the parameter range we study here. Hence, a negative curvature fiber with a larger tube wall thickness can sustain a smaller bend radius. The reason is that the mode coupling in the fiber with a larger tube wall thickness, corresponding to a smaller inner tube diameter, occurs at a smaller bend radius, as we explained earlier. The bend loss is less than 0.2 dB/m in the transmission bands I, II, and III, corresponding to a loss value of 0.2 dB/turn if the fiber has a bend radius of 16 cm.
Different bend directions
Our previous simulations assumed that the bend direction is aligned with x-direction, as shown in Fig. 1 [10, 37, 38] . In practice, the bend can be in any direction. In this section, we will consider a bend direction with a relative angle, ∆θ , with respect to the x-direction. Since symmetry is broken, a full fiber geometry model has to be used in the simulation. The tube wall thickness is 1.8 µm. Figure 9 (a) shows the bend losses for the two fundamental core modes as a function of the relative angle with respect to the x-axis at a bend radius of 9.4 cm, where the resonant coupling occurs. The loss is symmetrical about a bend relative angle of π/8 due to the fiber symmetry. When the bend relative angle changes from 0 to π/8, the leakage loss of the parallel-polarized mode, indicated by the blue dashed curve, and the perpendicular-polarized mode, indicated by the red solid curve, decrease by factors of 12 and 10, respectively. When the bend relative angle changes from 0 to π/8, the mode changes from being resonantly coupled to being slightly off resonance. Hence, the index matching condition is strongly affected by the relative angle, which leads to a large variation in the loss as the bend relative angle varies. The parallel-polarized mode profiles at relative angles of 0 and π/8 are shown in Figs. 10(a) and 10(c), respectively, at a bend radius of 9.4 cm. We see that the coupling between the core mode and tube mode is strong at ∆θ = 0, and the coupling between the core mode and tube mode is weak at ∆θ = π/8. Fig. 9 . Bend losses of the parallel-polarized and perpendicular-polarized modes as a function of bend relative angle for the fibers with a tube wall thickness of 1.8 µm at bend radii of (a) 9.4 cm and (b) 20.0 cm. The inset shows the relative angle, ∆θ , between the bend direction and x-axis in the negative curvature fiber. The blue triangles mark the relative angles for the mode fields that are shown in Fig. 10 . Fig. 10 . Parallel-polarized core mode at (a) ∆θ = 0 and (c) ∆θ = π/8 corresponds to the two triangles in Fig. 9 (a) at a bend radius of 9.4 cm. The parallel-polarized core mode at (b) ∆θ = 0 and (d) ∆θ = π/8 corresponds to the two triangles in Fig. 9(b) at a bend radius of 20.0 cm. Figure 9 (b) shows the bend losses at different bend relative angles when the bend radius is 20.0 cm. The leakage losses of the two fundamental core modes only change within 7%, as the relative angle increases from 0 to π/8. It is because the fiber geometry is far from the coupling range between the core mode and tube modes at a bend radius of 20.0 cm. Changing the bend relative angle has almost no effect on the coupling condition. The corresponding mode profiles at relative angles of 0 and π/8 are shown in Figs. 10(b) and 10(d) , respectively. The modes are well confined in the core, and there is not much difference in the mode profile except a rotational shift of π/8.
Conclusion
In this paper, we investigate the bending-induced loss for the two non-degenerate modes in chalcogenide glass negative curvature fibers. The bend loss peaks are induced by the resonant coupling between the core mode and tube modes. It is found that the parallel-polarized mode with respect to the bend direction experiences a higher bend loss than the perpendicularpolarized mode when the coupling occurs between the core mode and the tube mode along the bend direction. The difference between the losses of the two polarization modes is up to a factor of 28 with bend radii down to 10 cm. When coupling occurs between the core mode and the tube mode at 45 degree with respect to the bend direction, the bend losses in the parallel-polarized mode and perpendicular-polarized mode are almost the same. A fiber with a larger tube wall thickness, corresponding to a smaller inner tube diameter, can sustain a smaller bend radius due to the larger index difference between the core mode and tube mode. The bend loss changes by a maximum factor of 12 as the bend direction changes when the bend radius is 9.4 cm. The bend loss only changes by 7% as the bend direction changes when the bend radius is 20.0 cm. Hence, the bend loss is sensitive to the bend direction when coupling occurs between the core mode and tube modes. Overall, a bend loss of 0.2 dB/m at a bend radius of 16 cm, corresponding to 0.2 dB/turn, can be achieved in a chalcogenide negative curvature fiber at a wavelength of 5 µm. We conclude that polarization effects should be considered when designing fibers to withstand bend loss and polarization effect on bend loss.
Our study shows that the bend loss of the two polarization modes in negative curvature fibers can differ significantly. This differential bend loss could be used to make bending sensors [50, 51] , in which the bend in the transverse direction is quantified by monitoring the losses in the two polarizations. Hence, negative curvature fibers are a good candidate for use in highly sensitive optical bending sensor systems.
